RD-A155  839 


UNCLRSSIFIED 


FERSIBILITV  STUDV  OF  RRORR-TRRNSHITT1N6  HRTERIRLS(U) 
SCIENTIFIC  RESERRCH  CENTER  LOS  RNGELES  CR  H  SPRRKS 
15  HRR  85  RNRSCHQd4ei  Neeei9-84-C-e356 


5  APRIL  85  30894 


6S8 


A<I03  31IJ  3IKI 


FEASIBILITY  STUDY  OF  RADAR-TRANSMITTING  MATERIALS 


Final  Technical  Report  Rnascho8401 


M.  SPARKS 


15  March.  1985 


Prepared  for 


Accession  F 

NTIS  GKA&I 
DTIC  T/.M 
Unannou;'."’  'd 
Justii'icat  i 

- - — 

or 

§ 

n 

on 

By _  j 

Distrlbnti on/ 

Ava liability  Codes 

Dlst 

,'Avail 

Spec 

and/or 

lal 

NAVAL  AIR  SYSTEMS  COMMAND  HEADQUARTERS 
Washington  DC  20361 


WMSWtD  FOR  PUBUC  HELERSE: 
WSTRIBUnON  UNLIMITED 


SCIENTIFIC  RESEARCH  CENTER 
9507  High  Ridge  Place 
,os  Angeles,  California  90210 


CONTENTS 


Abstxact 

I.  Introduction 

II.  Dielectric  oonsteint,  refractive  index,  surface 
reflectance,  and  resonant  frequencies 

III.  Phonon  dielectric  constant,  refractive  index, 
surface  reflectance,  and  resOTcu\t  frequencies 

TV.  Plasma  dielectric  ccxistant,  refractive  index, 
surface  reflectance,  and  resonant  frequencies 

V.  Hiqh-transmission  crittfria 

VI.  High  transmittance  from  low-frequency  plasma  modes 

VII.  Absence  of  high  transmittance 
fron  low-frequency  pbonon  modes 

VIII.  Other  types  of  materials  and  modes  showing 
the  desired  dispersion 

IX.  Tunability 

X.  Ionic-conductor  plasmas 

XI .  Acknowledgments 

References 

Figure  captions 


Ficrures 


ABSTOACr 


It  is  shown  that  It  is  unlikely  that  the  principles  that  were 
originally  identified  for  investigation  in  this  study  can  be  used  to  obtain 
a  practical  naterial  having  hig^  micro^ve  transmittance.  Electron  plasmas 
in  solids  are  too  highly  damped  at  room  temperature  to  give  hig^ 
transmittance.  Low-frequency  phonon  modes  oonce^dlably  could  have 
frequencies  in  the  microwave  region,  but  the  frequency  at  which  the 
refractive  index  is  equal  to  one  would  still  be  in  the  infrared  region,  not 
the  microwave  region.  After  the  research  on  the  progrtun  was  completed,  it 
was  suggested  that  the  possibility  of  attaining  high  microwave 
transmittance  in  ionic  conductors  ^Kxild  be  considered.  Although  there  was 
no  time  for  such  a  study,  a  brief  investigation  indicated  that  seme  ionic 
conductors  possibly  could  he  able  to  provi<^  hi^  micrc«»ve  transmittance. 
They  should  be  studied  further.  1 • 


Sec.  I 
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I.  iNm»ocricN 

The  purpose  of  this  program  is  to  detemine  the  feasibility  of 
attaining  microwave-transmitting  materials  by  making  the  real  part  n^  of 
the  refractive  index  of  the  materials  equal  to  one 

Hj.  =  1.  (1.1) 

A  useful  application  is  to  obtain  lew  microwave  reflectance  ty 

attaining  high  transmittance.  In  this  case  the  surface  tr2uismittance  — 

that  is,  the  trcinsmittance  into  the  material,  not  necesscurily  the 

treinsmitance  through  the  neterial  —  is  of  primary  interest.  In  fact,  in 

sene  applications,  a  high  surface  transmittance  is  desiraJale  in  order  to 

obtain  low  reflectance  and  a  low  transmij^ce  through  the  material  is 

desiraible  in  order  to  reduce  reflections  from  ooroponents  behind  the 

material  (vrtiich  could  increase  the  overall  reflectance).  In  this  case  the 

absorptance,  or  the  imaginaury  part  of  the  dielectric  constant,  should  be 

sufficiently  great  to  absorb  the  micrewave  energy,  but  not  sufficiently 

great  to  cause  a  sufficient  impedance  mismatch  at  the  surface  to  make  the 

reflectance  great. 

1 

Barrett  suqaested  the  investiaation  of  obtaininq  hiqh  microwave 

■■  f 

trcinsmittance  by  usinq  sur)^ce  electron  plasmas.  Since  the  resonant 

frequencies  of  these  modes  are  in  the  ultraviolet  region,  rather  thaji  in 

the  microwave  region,  suggested  using  Icf^  density  electron  plasmas  in 

2 

dielectric  materials.  Murday  carried  out  such  an  investigation  in 

ij 

parallel  with  the  present  one.  We  also  suqested  other  systems  that  coul<J 

A 
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give  rise  to  =  1  at  some  frequency  in  the  microwave  or  millimeter 
regions. 

Murda^  central  result  —  that  the  electron  relaxation  frequencies 
are  so  high  that  electron  plasmas  in  dielectric  naterials  do  not  give  rise 
to  hi<^  transmittance  —  is  in  agreement  with  our  result  on  electron 
plasmas.  Neither  Murday's  investigation  nor  the  present  one  considered 
electron  plasmas  in  alkali  halides.  Even  if  high  transmittance  were 
attained  in  these  marterials,  their  poor  physical  properties  would  rendered 
thqp^ useless  in  applications  of  current  interest.  Murday  did  not  consider 
phonons,  icxiic  plasmas,  or  the  other  fhencmena  discqHed  in  Sec.  VIII. 

It  is  shown  that  i  t  is  unlikely  that  the  principles  that  v/ere 
originally  identified  for  investigation  in  this  study  can  be  used  to  <±)tain 
a  practical  material  having  high  microwave  transmittance.  Electrcxi  plasmas 
in  solids  are  too  highly  damped  at  room  temperature  to  give  high 
transmittance.  Low-frequency  phoncn  modes  conce^ably  could  have 
frequencies  in  the  micrcxvave  recrion,  but  the  frequency  at  v/hich  the 
refractive  index  is  equal  to  one  will  still  be  in  the  infrared  region,  not 
the  microwave  region.  Mecir  the  end  of  the  program  we  were  asked  to  predict 
whether  high  microwave  transmittance  could  be  attained  in  ionic  conductors. 
Although  there  v/as  not  sufficient  time  to  complete  such  a  study, 
preliminary  results  indicate  that  icaiic  conductors  should  be  marginally 
able  to  provide  high  microvrave  transmittance.  Ihey  should  be  studied 
further. 

The  proposed  method  is  based  on  the  key  result  from  the  technology 
base  that  the  transmittance  of  a  material  that  exibits  a  resonance  to 
radiation  can  approach  one  over  a  narrow/  frequency  range  near  the 
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x^sonance-absorptlcn  peak,  as  discussed  belcw.  The  first  phase  of  the 

investigation  is  to  determine  the  feasibility  of  attaining  hi^ 

transmittance.  The  second  phase  is  to  examine  methods  of  tuning  the 

t 

frequency  at  vhidi  the  high  transmi^anoe  occurs. 

The  central  features  of  the  underlying  physics  are  as  follows:  The 
index  of  refraction 

n  =  n^  +  iK,  <1.2) 

is  the  optical  property  of  practical  interest  because  it  determines  the 
electromagnetic  propagation.  The  mode  amplitxxJe,  such  as  the  electric 
field  E,  is 

E 'V  exp(inkQ2)  =  exp(in^Q2)exp(-itckQ2),  (1.3) 

vihere  kQ  =  2-n/\,  \  is  the  vacuun  wavelength  and  z  is  the  distance  along  the 
propagation  direction.  Equation  (1.3)  shews  that  n^  determines  the 
wavelength  (A/n^)  in  the  medium  and  k  determines  the  exponential  decay  of 
the  propagating  mode. 

In  calculating  the  refractive  index,  it  is  usually  convenient  to 
consider  the  dielectric  constant 

e  =  +  ie^.  (1.4) 

Expressions  relating  n^,  and  <  to  e^,  and  eire  given  in  Sec.  II. 

E^resions  for  e  ,  e.,  n  and  <  for  plasmas  and  phonons  au:e  given  in  Secs. 
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III  and  IV. 

It  is  possible  to  have  the  real  part  of  the  refractive  index  equal 
to  one  at  sane  frequency  for  some  naterials.  At  this  frequency,  the 
impedance  of  the  material  is  matcd^i  to  that  of  air.  Ihus,  the 
transmittance  is  one  at  this  frequency.  In  practice,  the  transmittance  is 
less  than  one  for  a  nimber  of  practical  reasons,  including  losses  and 
inhomogm^ties  in  the  material.  Ihe  frequency  at  which  n^  =  1  is  sometimes 
called  the  Christensen  frequency  because  Christensen  used  the  effect  in  a 
bandpass  filter. 

Ihere  are  a  nurtjer  of  possible  jAysical  mechanisms  that  can  give  rise 

to  the  real  part  of  the  refractive  index,  n^,  equal  to  one.  Usually  n^  =  1 

c 

ocurs  as  a  result  of  the  dispersion  in  the  refractive  index  near  a 

A 

resonance  absorption,  such  as  that  of  the  longitudinal -optical 
(Reststrahlen)  phoncxi  or  a  plasmon. 

Ftor  example,  the  real  and  imaginary  parts  of  the  refractive  index  of  a 
typical  solid  associated  with  the  resonance  absorpticn  of  the 
transverse-optical  phonon  are  shown  in  Fig.  1.  The  real  part  n^  is  equal 
to  one  at  two  frequencies,  both  above  the  resonance  frequency  Wq.  The 
damping  loss  is  lower  at  the  greater  of  the  two  frequencies  because  this 
frequency  is  further  from  the  absorpticxi  resonance  at  Uq, 

The  specific  goals  of  the  program  are  as  follows: 

o  In  general  determine  the  feasibility  of  the  proposed  method  of 
<d3taining  microwave-transmitting  materials. 

o  Investigate  the  possibility  of  using  low-frequency  plasmon  modes  and 
low-frequence  phonon  modes  to  obtain  a  real  part  of  the  index  of  refraction 
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equal  to  unity. 

o  Estimate  the  width  of  the  frequency  region  over  vrfucii  the  high 
transmittance  occurs. 

o  Study  the  effects  of  mode  attenuation  on  the  trannittanoe. 

o  Study  the  possibility  of  using  a  naterial  containing  both 

low-frequency  plaanon  modes  and  low-frequency  phonon  modes  to  obtain  a 

tunable  microwave- transmitting  material. 

o  Verify  that  the  low-probability  methods  of  dataining  micrcwave 

treuismitting  materials  that  aire  discussed  in  Sec.  VIII  2ue  indeed  unlikely 
c 

to  suceed. 

A 

o  Determine  v^ether  hictfi  micrcwave  transmittaince  can  be  attained  in 
ionic  conductors. 

The  last  goal  was  added  near  the  end  of  the  investigation.  Ihese  goals 
were  attained,  as  discussed  in  the  appropriate  sections  and  summarized  in 


the  abstract 
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II.  DIELEJCTRIC  CJONSTANT,  REFRACTIVE  INDEX, 
SURFACE  REFLECTANCE,  AND  RESONANT  FRBQUQ^CIES 


In  subsequent  sections  we  consider  the  dielectric  constant,  refractive 
index,  and  surface  reflectance  for  phonon  modes  and  plasma  modes.  Before 
ocxisidering  these  properties  for  specific  systems,  the  following  generally 
useful  expressions  are  given  for  the  convenience  of  the  reader  and  for 
later  use. 

The  index  of  refracticxi  n  =  n^  +  i<  is  related  to  the  the  dielectric 

2 

constant  e  =  +  ie^  by  the  simple  square  relation  n  =  e  ,  where  both  n 

and  e  are  ocmplex  quantities.  Only  the  case  of  magnetic  permeability  u  =  1 
is  cOTisidered  here.  Ihe  real  and  imaginary  parts  are  related  by  the 
expressions 


2  2 


Cf  =  2n^<, 


For  <<  e^,  Bqs.  (2.3)  and  (2.4)  reduce  to 


n  =  e 
r  r 


1/2 


for  <<  Cj., 


(2.1) 

(2.2) 

(2.3) 

(2.4) 


9 


(2.5) 
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<  -  ,  for  <<  e^.  (2.6) 

Ihe  reflectance  is 

R  =  l(n  -  1)/(n  +  1)1 

=[(nj^  -  1)^  +  tc^]/[(n^  +  1)^  +  ic^l.  (2.7] 

Fbr  the  first  conditioi,  =  1 ,  for  low  reflectance,  Bq.  (2.7)  becones 
R  =  ic^/(4  +  K^),  for  Hj,  a  1,  (2.8) 

Ft)r  the  second  condition,  <  <<  2,  for  low  reflectance,  Bq.  (2.8)  becomes 

2 

R  a  <  /4,  for  *  1  arid  ic  <<  2.  (2.9) 

This  iinportant  result  shows  that  the  rnaginary  part  ic  of  the 
refractive  index  must  be  small  (much  less  than  2)  in  order  to  attain  the 
desired  low  reflectance.  These  general  conditions  for  lew  reflectance  are 
displayed  for  later  use 

n^  a  1 ,  and  <  <<  2,  lov/-R  conditions.  (2.10) 

Criterion  on  how  lew  k  and  the  specific  loss  parameters  must  be  for 


specific  systems  are  developed  in  Sec.  VI. 

By  using  Bqs.  (2.1)  and  (2.2),  the  low-reflectance  conditions  in  Bq. 


(2.10)  can  be  written  as 


£r  =  1 »  <<  4,  Icw-R  conditions.  (2.11) 

Eijuations  (2.11)  axe  the  low-reflectance  conditions  in  terms  of  the 
dielectric  constant.  Both  n^  and  are  approximately  eqiial  to  one  and 
both  K  and  are  snail  for  low  reflectance. 

The  resonant  frequencies  of  a  lossless  system  are  the  frequencies  at 
which  the  system  oscillates  in  the  absence  of  an  externally  applied  driving 
force.  Thus  the  resonant  frequencies  are  found  by  setting  the  real  part  of 
the  dielectric  constant  equal  to  zero 

=  0,  resonant-frequency  condition,  (2.12) 
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frequency  —  that  is,  the  damping  frequency  —  of  the  free  carriers,  which 
cure  the  conduction-band  electrons  or  the  valence-band  holes.  Ihe 
roan-temperature  electroi  damping  frequencies  of  the  highest  quality 
semiconductors  usually  cure  intrinsic,  being  determined  by  electron-phcxKxi 
collisions.  As  the  temperatu^!re  is  decreased,  the  electron-phonon 
collision  rate  decreases.  At  low  temparatures,  the  extrinsic  process  of 
scattering  of  the  electrons  by  impurities  can  determine  the  electron 
damping  frequency. 

The  value  of  this  damping  frequency  y  can  be  obtained  from  either  the 
value  of  the  mobility  u  or  the  electrical  conductivity  a.  The  following 
expressions  for  the  mobility  cind  the  electrical  conductivity  are  useful 

U  =  e/ym^^  (6.1a) 


and 

°  “  "fc®fc  ^'^fc''^*  (6.1b) 

It  is  more  cxnvenient  to  obtain  the  value  of  y  from  the  mobility  because 
only  the  values  of  u  and  the  electron  effective  mass  m^^  are  required; 
v^ereas,  the  electron  density  n^^  is  also  required  in  order  to  obtain  the 
value  of  y  fron  the  conductivity. 

6  2 

The  highest  mobility  observed  in  a  semiconductor  is  5x10  cm  /volt-s 
(1.5x10  cm  /statvclt-s )  for  electrons  in  lead  teluride  at  4  K.  Ihe 
corresponding  electron  effective  mass  m^^  is  0.024n,  \'rfiere  m  is  the  mass  of 
the  free  electron.  VJith  these  values  of  u  and  the  expression  y  = 
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VI.  HIGH  IRANSMTITANCE  FRCM  LCUV-FREQUQICY 
ELBCraON  PLASMA  MOCES 


In  this  section  it  is  shown  that  the  damping  of  low-frequency  plasma 
nodes  is  so  great  that  they  cannot  be  ut^ilzed  to  attain  the  low 
reflectance  goal  of  Sec.  V  at  room  temperature. 

In  .Sec.  V  it  was  shown  that  the  operating  frequency  in  Hz  must  be 
greater  than  the  plasmcxi-damping  frequency  y  times  1.2  [or  0.38]  in  order 
to  attain  a  reflectance  of  R  =  0.01  (or  0.1]  (20  dB  less  [or  10  db  less] 
than  that  of  a  perfect  reflector  —  R  =  1 )  or  less.  (As  in  the  previous 
secticxis,  the  values  in  brackets  aure  for  the  case  of  R  =  0.1.)  In 


partiailar,  the  frequency  at  which  the  surface  reflectance  is  minimum 
must  satisfy  Eq.  (5.9).  Unfortunately,  there  are  no  materials  that  have  a 


sufficiently  lew  loss  for  this  criterion  in  Eq.  (5.9)  to  be  satisfied  at 
room  temperature  for  microwave  and  millimeter  frequencies  of  current 
interest.  Furthermore,  material-improvement  programs  could  not  lower  the 


losses  because  they  cure  intrinsic,  as  diseased  beloiv.  Finally,  operating 
at  the  low  temperature  of  4  K  would  lower  the  loss  sufficiently  to  alloiv 


operaticxi  at  frequencies  greater  than  18  GHz  [or  6  GHz]  for  lead  teluride, 
which  has  the  greatest  known  mobility. 


The  damping  frequencies  of  systems  are  usually  strongly  frequency 
dependent.  Unfortunately,  the  damping  frequency  y  for  solid-state  plasmas 
are  relatively  independent  of  frequency.  Thus,  a  damping  frequency  that  is 
tolerably  amall  in  the  infrared  region  can  be  unacceptably  Icuqe  in  the 


microwave  or  millimeter  region. 

The  damping  frequency  of  sclid-state  plasmons  is  just  the  relaxation 


Setting  u  »  (the  operating  frequency)  form  Bq.  (2.20)  in  Eq.  (2.17b) 
gives 

Ei  -  U.-  (5.7) 

Substituing  from  Bq.  (5.7)  into  Bq.  (5.4)  gives 

2  (£„  -  1)y/0.40  [or  (e^  -  1)y/1.261,  (5.8) 

or 

'^Rmn  ■  -  1)Y  I  or  0.13(e„  -  DyI 

2  1.2y  (or  0.38y]»  for  *  4,  (5.9) 

v^ere  v's  cure  frequencies  in  Hz  and  u)'s  are  in  radians  per  second  (s“S. 
The  value  of  =  4  was  chosen  acoordina  toBq.  (2.16).  This  criterion  in 
Bq.  (5.9)  is  used  in  the  following  section  in  the  discussirai  of  plasne 


modes 
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R  =  ic^/4,  for  *  1  and  k  «  2,  (5,2) 

Bquaticxis  (5.1)  euid  (5.2)  give 

<  <  0.2  [or  0.63],  criteria  for  high  surface  transmittance. 

(5.3) 


1  /2 

Similarly,  Egs.  (5,3)  and  (2.6)  with  =1  give 

<  0.4  [or  1.26],  criteriai  for  high 

surface  transmittance .  (5,4) 

as  the  criterion  in  terms  of  the  imagineury  part  of  the  dielectric  constant 
These  values  of  <  or  correspond  to  relatively  high  losses,  not  to 
ultra-low  losses.  For  example,  the  loss  tangent 

tan6  =  (5.5) 

corresponding  to  Eq.  (5.4)  and  =  1  cure 

tan6  <  0.40  [or  1.26],  (5.6) 

which  oorrespcxva  to  rather  Ictrge  losses. 


Mext  consider  the  loss  factor  y  for  a  plasma.  The  value  of  y 
corresponding  to  e.  <  0.4  [or  1.26]  in  Bq.  (5.4)  is  obtained  as  follows: 


V.  HJGH-'TOANSt'lISSICN  CRITERIA 


In  this  section,  criteria  are  develc^ped  for  hi.gh  surface  transmission 
of  general  systems  and  low-frequency  plasnas.  The  criterion  for 
low-frequency  (soft)  fJxxions  is  simple  to  develop,  but  is  not  included 
because  soft  phonons  cu:?e  not  useful  in  the  curent  program,  as  discussed  in 
Sec.  VII. 

Since  this  study  is  not  related  to  a  specific  system,  there  is  no 
specific  system  goal.  In  order  to  be  concrete,  the  criterion  for  high 
surface  transmission  is  chosen  as 

R  =  0.01  [or  0.1],  criteria  for  high  surface  transmittance,  (5.1) 

vhere  R  is  the  surface  reflectance.  The  surface  reflectance  is  the 
reflectance  at  the  interface  between  a  vacuum  and  the  mater^l.  TO  be  more 
specific,  it  is  the  reflectance  of  a  semiinfinite  medium  in  contact  with 
vacuum.  This  value  of  reflectance,  R  =  0.01  [or  0.1],  correspcxids  to  a 
surface  transmittance  of  0.99  [or  0.90],  of  course.  It  also  oorrespc»>ds  to 
a  20  dB  [or  a  10  dB]  reduction  in  the  specular  reflectance  below  the  valve 
of  R  =  1  (for  metals  in  the  microwave  region).  The  alternate  goal  of  R  = 
0.1,  which  corresponds  to  the  figures  in  brac)cets,  is  discussed  briefly  for 
plasmons  in  Sec.  VI.  The  general  results  of  the  study  are  not  sensitive  to 
the  value  of  R  chosen.  They  are  the  same  for  ^  =  0.1  and  R  =  0.01 ,  for 
example. 

First  consider  the  value  of  <  that  corresponds  to  R  =  0.01  [or  0.1 ] 
for  an  arbitrcury  system.  For  n^  =  1  and  <  <<  2,  Bq.  (2.9)  gives 
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nonzero  for  u  greater  than  and  is  zero  u  less  than  U)„_.  The  results 

XcS  £cS 

of  adding  loss  is  shown  in  Fig.  6b. 

Finally^  the  reflectance  obtained  from  Bq.  (2.7)  is  sketched  in  Fig.  7 
for  both  y  -  0  and  y  greater  than  0.  The  figure  shews  the  high  reflectance 
in  the  region  u  <  and  the  low  reflectance  (zero  for  y  =  0)  at  the 

jTSS 

frequency  at  whidi  n^  =  1 .  The  value  of  the  reflectance  at  n^  =  1  for 
nonzero  y  is  calculated  in  Sec.  VI. 
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“b®/“«s  '  (4.8) 


’•’5<  ■  "• 


(4.9) 


The  minimun  reflectance  frequency  is  greater  than  the  resonant  frequ^cy  by 
15  percent  in  this  exanple. 

The  real  and  imaginary  parts  of  e  form  Eqs.  (4.4)  and  (4.5)  are 
s)cetched  in  Fig.  5a  far  the  case  y  =  0  and  in  Fig.  5b  for  nonzero  y.  The 
corresponding  results  for  the  refractive  index  detained  from  Eqs.  (2.3)  and 
(2.4)  are  sketched  in  Fig.  6  €u>d  discussed  helot;.  First  consider  the 

r  J 

lossless  case  of  y  =  0.  The  imaginary  part  of  the  the  dielectric  ccsyTtant 

is  zero  at  all  frequencies,  as  seen  in  Eq.(4.5)  with  y  =  0.  The  real  part 

of  the  dielectric  ooqltant  is  negative  for  u  less  than  lu  and  is  positive 

zr6s 

for  b)  greater  than  as  seen  in  Figs.  5a  and  5b.  Thus,  a  lossless 

A. 

plasma  is  a  perfect  reflector  (no  propagating  modes)  for  u  less  than 
and  the  optical  modes  having  u)  greater  than  propagate  without  loss  (< 

-  0).  These  results  are  obtained  exgficitly  from  the  reflectance  and  the 
refractive  index  below. 

The  results  of  adding  loss  is  shown  in  Fig.  5b,  Both  and 
are  shifted  to  lower  frequencies  as  y  increases,  as  seen  in  Eqs.  (4.6)  and 
(4.7).  For  nonzero  y,  is  fin^e  at  w  =  0  and  approaches  infinity  as 
(0  approaches  zero. 

As  discussed  in  Sec.  Ill  for  the  case  of  phonon  nodes,  these  results 
for  the  dielectric  constant  imply  that  k  is  nonzero  for  u  less  than  tij 


and  is  zero  for  u  greater  for  y  =  0,  as  seen  in  Fig.  6a.  Also,  n^  is 
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region.  A  low  value  of  e  is  therefore 
^  «pnw 

e  ^  =  4,  low  value.  (4.3) 

“ItW 

ItOcing  the  real  and  imaginary  parts  of  e  in  Eg.  (4.1 )  gives 

^T-  *  ~  (4.4) 

r  p 

eund 


^i  *  (YWp^/‘iJ)/(w^  +  Y^).  (4.5) 

Ihe  resonant  frequency  is  obtained  by  setting  =  0  in  Eq.  (4,4)  and 
solving  for  u).  This  gives 


U)  =  “  Y^)^^^«  (4 

res  p  «tnw 

The  frequency  at  V(4iich  the  reflectance  is  zero  for  y  =  0  is 

obtained  by  setting  1  in  Bq.  (4.4)  and  solving  for  u.  Ihis  gives 


“ann  = 


(4.7) 


itotice  that  (jJj^  is  obtained  from  by  replacing  in  Bq.  (4.6)  by 
e,_  - 

2  2 

For  u)  /c  >>  Y  f  the  ratio  of  the  two  frequencies  in  Eqs.  (4.6)  and 
p  *Tnw 

(4.7)  is 
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IV.  PLASMA  DIELEJCTRIC  CQNSTAOT,  REFRACTIVE  INDEX, 

SURFACE  REFLECTANCE,  AND  RESONANT  FREQUENCIES 

In  this  secticxi  we  consider  the  dielectric  constant,  refractive  index, 
surface  reflectance,  and  reso^int  frequencies  for  electron  or  hole 
(free-carrier)  plasmas.  The  dielectric  constant  of  a  plasma  is 


e 


"«inw 


/[u(a)  +  iy)]. 


(4.1) 


where  e  is  the  hich-frequency  limit  of  the  dielectric  constant, 
omw 


Ip  =  (4"njpejp  /mjp) 


1/2 


(4.2) 


is  the  oollisionless  plasma  frequency,  v^ich  is  discussed  in  Sec.  VI,  and  y 
is  the  plasma  damping  frequency.  In  Eq.  (4.2),  the  subscripts  "fc" 
indicate  free  carrier,  n  is  the  free-carrier  density,  and  m  is  the 
free-carrier  effective  mass. 

For  plasmas  with  rescxiant  frequencies  in  the  microwave  or 

millimeter-wave  reqions,  the  infinite-frequency  limit  t  .  is  the  limit  of 

the  frequency  large  with  respect  to  the  microwave  or  millimeter-wave 

resonant  frequencies  (but  still  snail  with  respect  to  the  infrared  eind 

electrcxiic  resonant  frequencies).  Specifically,  the  vibrational  modes, 

having  resonant  frequencies  in  the  infrared  region,  and  the  electronic 

modes  (for  both  the  valence  and  core  electrons),  having  resonant 

frequencies  in  the  vi^sible  or  ultraviolet  regions  or  at  greater 

frequencies,  contribute  to  e _ .  Thus,  e_„,  here  is  e-  for  the  infrared 

‘  ’  “inw  “mw  0 
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1.  Tlvese  frequency  shifts  are  rather  small  for  usual  values  of  T. 

As  seen  in  Fig.  3b,  the  nonzero  value  of  T  removes  the  infinities  in 
the  real  and  ixtaginary  parts  of  the  refractive  index  that  are  shown  in  Fig. 

3a.  For  nonzero  T,  the  reflectance  in  the  Reststrahlen  region  is  no  longer 
equal  to  1 ,  but  it  is  still  relatively  large.  For  example,  typical  values 
are  80  to  90  peroMit  for  the  alkali  halides.  The  reflectance  at  the 
frequency  at  v^ich  *  1  is  no  longer  equal  to  zero,  but  it  can  be 
small  for  small  F. 
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Ihe  surface  reflectance  below,  in,  and  above  the  reststrahl-reflection 
region  is  sketched  as  the  solid  curve  in  Fig.  4  for  the  case  of  P  »  o  by 
using  Eg.  (2.7)  with  n^  and  <  from  Fig.  3a.  The  surface  reflectance  is 
zero  for 

*  1,  zero  surface  reflectance  for  P  =  0.  (3.8) 

The  root  of  Eg.  (3.8)  with  given  by  Eg.  (3.2)  with  P  *  0  is 

“Eton  =  (3.9) 

This  zero-reflectance  frequency,  in  Eg.  (3.9)  is  the  operating 

fregu»K:y  for  minimum  surface  reflectance.  The  miniraim-reflectanoe 
frequency  is  greater  than  the  longitudinal -optical  frequency, 

Vn  ’  “lo- 

This  inequality  precludes  the  possibility  of  (Staining  high  transmittance 
in  the  microwave  or  millimeter  regions,  as  discussed  in  Sec,  VIII. 

Next  consider  the  effects  of  nonzero  P,  which  is  the  case  of  real 
materials,  of  course.  The  effects  of  ncxizero  P  on  the  dielectric  constant, 
refractive  index,  and  surface  reflectance  are  illustrated  schematically  in 
Figs.  2b,  3b,  cind  4,  respectively.  Mding  the  ncnzero  value  of  P  has  the 
following  effects:  As  shown  schematically  in  Fig,  2b,  it  removes  the 
infinities  in  that  are  seen  in  Fig.  2a  and  it  maJtes  nonzero  and 

It  also  shifts  the  frequencies  at  vhich  e  a  0  aind 


peaked  at  frequency  u)f>. 


of  the  transverse-optical  phcnon  having  wavevector  k  »  0,  The  second 
resonant-frequency  root  of  Bq.  (3.4),  at  the  high-frequency  crossing  of 
«  0,  is  the  frequency 


(3.6) 


of  the  IcxTgitudinal -optical  phonon  having  wavevector  k  =  0. 

Consider  the  refractive  index  in  the  three  regions  oi  <  ojq, 

<  (D  <  (UjjQ,  and  to  >  to^,  still  for  the  case  of  F  =  0.  Equation  (3.3)  with 
r  =  0  shows  that  =  0,  and  Bqs.  (2,1)  and  (2.2)  show  that 


\  =  ^r 


(3.7) 


For  frequencies  lower  than  (Oq  and  frequencies  greater  than  e^.  is 
positive,  as  seen  in  Fig.  2a,  Thus,  Bq.  (3.7)  shows  tliat  the  refractive 
index  is  purely  real  for  the  case  of  F  =  0,  as  sketched  in  Fig.  3a.  The 


optical  modes  therefore  proj^igate  without  loss  for  «*>  <  Wq  and  for  to  >  tOj^, 
For  frequencies  bett/een  these  two  resonant  frequencies,  the  real  part 
of  the  dielectric  constant  is  negative.  Thus,  n  is  purely  imaginary 
according  to  Bq,  (3.7),  as  sketched  in  Fig.  3a.  This  purely  imaginary 
refractive  index  means  that  there  cure  no  propagating  modes  in  the  material 
and  that  incident  radiation  having  a  frequency  on  this  region  between  the 
two  resoncince  frequencies  is  totally  reflected  for  this  case  of  F  =  0. 

This  regiOTi  Wq  <  to  <  to^^  of  total  reflectance  for  F  =  0  is  the  Reststrahlen 


reflection  reciion. 
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*  -  eJuQ^wT l/t(<i)o^  -  «D^)^  +  toV].  (3.3) 

Ihese  dispersion  relations,  as  the  frequency  dependence  of  the  optical 
ocmstants  is  called,  in  Bqs.  (3.2)  and  (3.3)  are  s)cetched  as  functions  of 
frequency  in  Fig.  2.  Ihe  strong  frequency  dependence  of  T  is  fontBlly 
neglected  in  this  figure  and  in  all  figures  below. 

First  consider  the  case  of  no  loss,  that  is,  T  =  0.  In  the  a  part  of 
Fi?*  2,  and  are  sketched  for  this  case  of  F  «  0.  Ihe  iinagineuy  peurt 

of  the  dielectric  constant,  is  equal  to  0  for  all  frequencies,  as  seen 
from  Eq.  (3.2)  with  F  =  0.  For  w  <  Ug,  the  real  part  of  the  dielectric 
constant,  increases  monotonically  with  increasing  frequaicy  from  Eg  at 
w  *  0  to  approaching  infinity  as  6  approaches  zero,  vrfiere  w  =  Wg  -  6. 

For  w  >  ojg,  Cj.  increases  mcxiotcxiically  with  increasing  frequency,  starting 
from  the  limit  of  negative  infinity  for  u)  =  Wg  +  6  as  6  approaches  zero  and 
approaching  as  oj  approaches  infinity. 

The  resonant  frequencies  are  the  roots  of  the  equation 

=  0,  resonant-frequency  condition  (3.4) 

in  general,  as  discussed  in  Sec.  II.  There  are  tvro  roots  of  Bq.  (3.4)  with 
given  by  Bq.  (3.2)  and  F  =  0,  as  seen  in  Fig.  2a.  The  first  root,  vhich 
is  the  lov/-frequency  crossing  of  =  0,  gives  the  frequency 


“*10  =  “o 


(3.5) 
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III,  PHONON  DIELBCraiC  CENSTANT,  REFRAC]^^  INKX, 

SURFACE  REFLECTANCE,  AND  RESONANT  roBQUENCIES 

In  this  section  we  consider  the  dielectric  constant,  refractive  index, 
siirface  reflectance,  and  resonant  frequencies  of  a  material,  sudi  as  an 
alkali  halide,  that  has  a  single  infrared-active  phonon  mode  (at  nonnal 
incidence).  The  dielectric  ooistant  is 

e  =  ^00  +  -  u?  -  iuP],  (3.1) 

vrfiere  e  and  are  the  dielectric  constants  in  the  limits  of  infinite 
frequency  and  zero  frequency,  respectively,  oJq  is  the  characteristic 
frequency,  and  T  is  the  damping  constant,  vAiich  is  strongly  frequency 
dependent.  Ihe  infinite-frequency  dielectric  constant  is  the 
ocntribution  fron  the  valence  and  core  electrons.  For  negligible  loss, 
is  the  square  of  the  refractive  index  in  the  visible  region,  roughly 
speaking. 

Using  Bqs.  (2.1)  and  (2.2)  and  taking  the  real  and  imaginary  parts  of 
Bq.  (3.1)  gives 

Ej,  = 

=  e„  +  ((Eg  - 


(3.2) 
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e/m^c^^  from  Bq.  (6.1a)  gives  y  =  1.5  x  10^®  s“^.  Ihe  1cm- loss  criterion  in 
Bq.  (5.9)  with  £„  =  4  from  Bq.  (2.16)  gives 

V  2  18  GHz  [or  6  GHzl,  for  IMte  at  4  K.  (6.2) 

Thus,  even  for  operation  at  4  K  using  Pbite,  which  has  the  greatest  known 
mobility,  the  frequency  still  must  be  greater  than  approximately  18  GHz  (or 
6  Olz]. 

At  room  temperature  the  mobilities  and  corresponding  loss  frequencies 

cure  much  greater  thcin  at  low  temperatures.  The  geatest  known 

4  2 

room-temperature  mobility  is  7.7  x  10^  can'^/volt-s  for  indium  intiminide. 

12  -1 

V/ith  =  O.OISm,  Bq.  (6.1)  gives  Y  =  1.5  x  10  s  .  The  critericxi  for 
low  loss  in  Bq.  (5.9)  gives 

V  2  =  1,800  GHz  [or  6.00  GHz),  for  InSb  at  300  K.  (6.3) 


These  frequencies  are  considereibly  greater  than  the  frequencies  of  current 
interest,  vhich  cue  in  the  microfr/ave  region.  Thus,  there  is  no  material 
having  sufficiently  low  loss  to  allc»/  room-temperature  operation  in  the 
microvrave  or  millimeter-wave  regions  of  interest. 

In  order  to  make  the  minimum-reflectance  frequency 


^‘r?mn  ~  ^  ^ 


1/2 


(6.4) 


(from  Eq.  (4.7)  with  y  negligibly  sa^l)  small,  either  the  plasma  frequency 
must  be  small  or  the  dielectric  constant  e  must  be  extremely  large. 
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Since  there  is  no  known  way  to  make  e  sufficiently  large,  consider  small 
values  of  the  plasma  freqtjency  in  Eg.  (4.2).  Solving  Bgs.  (4.2)  and 
(6.4)  for  the  free-carrier  density  gives 

"fc  “  ‘Vn^”“fc*^«»  "  <6«5) 

For  a  frequency  of  30  OIz,  =  4,  and  equal  to  the  free-electron  nass, 

Bq.  (6.4)  gives  "fc  =  ^  X  10^^  cm“^.  This  is  of  course  an  extremely  small 

concentration  (parts  per  billion).  If  electron-plasna  systems  are 
S 

ooprfldered  further,  the  practicality  of  attaining  practical  materials 
having  such  lew  electrcxi  ocxicentration  must  be  addressed. 
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VII.  ABSENCE  OF  HIGH  MIGROWAVE  TRANSMITTANCE 
FTOl  DOIV-FREQUENCY  PHONON  MCX«S 


In  this  section  it  will  be  shown  that  any  one  of  several  reasOTS  is 
sufficient  to  show  that  soft-  (low-frequency-)  phonon  modes  cure  not  useful 
cis  high-transmittance  modes  in  the  microwave  and  millimeter-wave  regions. 
Uie  background  information  availcible  on.  soft  {^cnon  modes  is  extensive  and 
is  reviewed  in  many  eu±icles  and  textbooks,  including  Introduction  to  Solid 
State  Physics  by  Charles  Kittel.^ 

First,  even  if  the  resonant  frequency  Wq  were  in  the  microwave  or 
millimeter-wave  regicxi,  the  frequency  at  which  the  reflectance  is 
minimum  would  still  be  in  the  infixed  region.  Ihe  resonant  frequency  Wq 
of  the  transverse-optical  phoncxi  having  k  =  0  in  a  solid  usually  is  in  the 
infrared  region,  rather  than  in  the  microwave  or  millimeter-wave  regions. 
However,  in  some  materials  the  frequency  of  the  k  =  0  transverse-optical 
phonon  approachs  zero  at  a  certain  temperature.  This  temperature  is  near 
room  temperature  in  some  materials.  The  zero-frequency  mode  is  associated 
with  a  ferroelectric  transition  in  such  materials  as  barium  titinate. 

Riysically,  the  low  frequency  is  a  result  of  a  low  restoring  foroe  in 
an  oscillation  of  an  icHi.  For  example,  in  barium  titinate  the  titanium  ion 


is  in  the  center  site  of  a  body-centered-cubic  lattice.  The  restoring 
force  for  displacements  along  a  (100)  direction  is  small.  In  fact,  at  the 
fenroelectric-transition  temperature,  the  titanium  ion 
displaces  to  a  positiOTi  that  is  not  in  the  center  of  the  cell.  The  energy 
of  the  ion  as  a  function  of  the  displacement  is  sketched  schematically  in 
Fig.  8a  for  the  nonferroelectric  phase  and  in  Fig.  8b  for  the  ferroelectric 


itaj^usly 
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phase. 

TSie  restoring  force  at  equilibrium  {x  *  0  in  the  (a)  part  of  the 

figure  and  x  =  x^  in  (b))  is  proportional  to  the  second  deri^tive  d  E/dx 

of  the  energy  E  with  respect  to  the  displacement  x.  The  restoring  force  in 

Fig,  8a  is  small  because  the  curvature  is  small.  That  is,  the  curve  is 

2 

relative  flat  at  x  =  0.  Hie  anhartnonic  terms  (deviations  from  E  'v  x  )  are 
large  in  both  Figs.  8a  and  8b  because  E(x)  deviated  dractically  from  the 
harmonic  form  E  'v<  x  .  A  harmonic  curve  is  sketched  as  the  dashed  line  in 
Fig.  8a  for  comparison. 

^'Jhen  cJq  is  small,  the  static  dielectric  orais^tant  Eq  is  large. 
Ehysically,  the  force  from  a  small  electric  field  moves  the  titanium  ion  a 
long  distance  because  only  a  small  amount  of  energy  is  required,  as  seen  in 
Fig.  8a.  Hie  large  displacement  oorrespcaids  to  a  large  dipole  moment, 
whidi  means  a  large  dielectric  oonatant. 

Hie  relation  between  the  small  co^  cind  large  Eq  can  also  be  seen  from 
the  Lydanne-Sachs-'Iteller  relation 

~  (7.1) 

where  is  the  longitudinal -optical  frequency.  Hiis  equaticxi  shews 

2 

directly  that  a  small  oJq  oorrespends  to  a  large  e^,  provided  that  or 
E^  is  not  small.  Hie  experimental  verification  that  the  static  dielectric 
ccxis^tant  £q  is  large  vjhen  oJq  is  small  shovre  that  does  not  become  snail 
when  a)g  beccnes  small.  Physically,  remains  large  because  the 
electrical  centribution  to  (which  is  responsible  for  being  greater 
than  tjo„)  remains  large  even  v^en  u),,  becemes  small. 
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The  frequency  at  which  the  reflectance  is  minimum  is  greater  than 
as  seen  in  Fig.  4.  Thus,  the  large  value  of  implies  that  is 
large,  even  vAien  Wq  is  small.  This  is  the  central  reason  that  precludes 
the  use  of  the  low-frequency  phonon  inodes  in  attaining  high  surface 
transmittance  in  the  microvave  and  millimeter  regions. 

Even  if  the  mininum-reflectance  frequency  were  near  Uq,  the  use 
of  the  low-frequency  phcmcn  modes  in  attaining  high  surface  transmittance 
in  the  microwave  and  millimeter  regions  would  be  precluded  by  the  great 
loss  of  the  resonant  mode  near  the  ferroelectric  transition  temperature. 

The  qreat  loss  is  discussed  below. 


A  final  problem  with  trying  to  use  soft-phoncxi  modes  .to  obtain 
resonant  frequencies  in  the  microwave  or  millimeter  regions  is  that  the 
temperature  would  have  to  be  extremely  close  to  the 

ferroelectric-transition  temperature  in  order  for  Wq  to  be  in  the  microwave 
or  millimeter-wave  region.  The  temperature  would  have  to  be  controlled 
extrer^y  well,  and  small  variations  of  either  the  temperature  or  material 
properties  over  the  material  would  inhonoge^iously  broaden  the  resonance 
line.  That  is,  the  resonant  frequency  would  be  different  at  different 
positions  in  the  material. 

In  principle,  the  first  problem,  that  of  a  large  value  of  could 

be  avoided  if  a  material  having  zero  effective  ionic  charge  could  be  found. 
This  is  of  cxDurse  highly  unlikely.  But  if  such  a  material  could  be  found, 
the  electrical  contribution  to  '.vould  then  Ine  zero,  and  the  frequencies 
of  the  transverse-  and  longitudinal-optical  modes  would  be  more  nearly 


equal  than  in  normal  materials.  The  static  dielectric  constant  Gq  vrould 
remain  small  as  ijOq  became  small  because  the  dipole  moment  vxDuld  be  zero. 
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even  though  the  displacement  became  large,  because  the  charge  is  zero.  Ihe 
chcuge  induced  by  displacement,  as  well  as  the  static  dieurge,  would  have  to 
be  snail.  The  low  frequency  of  the  longiti^inal -optical  mode  would  be 
oonsis^^t  with  this  low  value  of  e^. 

If  the  soft^^phonon  modes  are  considered  for  use  in  other  applications, 

the  following  aditional  information  should  be  considered.  A  study  of  the 

/ 

source  of  the  great  damping  of  the  soft-phonon  modes  would  be  useful  in 
order  to  verify  that  the  damping  is  intrinsic  and  to  determine  and 
understand  the  dependence  of  the  daitping  on  the  material  parameters  and  the 
system  peurameters.  The  first  reascxi  for  the  great  damping  is  expected  to 
be  the  Icurge  anharmonic  terms  mentioned  above.  These  large  anharmcxiic  terms 
give  rise  to  strong  phcaxm-phonon  interactions,  which  give  rise  to  great 
damping.  That  is,  T  is  l2u:ge. 

In  a  study  of  this  damping,  the  following  must  be  taken  into  account. 

The  dominant  loss  process  in  the  microwave  region  is  the  two-phraK>n 
absorption  process  in  which  the  lifetime  broadening  of  the  interacting 
phonons  allows  energy  conservation.^  The  micrc^rave  field  e:<cites  the 
transverse-optical  mode  having  frequency  Wq.  This  excitation  process 
usually  is  far  off  resonance  for  microwave  fields  because  Wq  is  in  the 
infrared  region.  That  is,  u)  <<  Uq.  (The  excitation  process  usually  is  fcur 
off  resonance  for  frequencies  in  the  infrared  region  also  because  the 
inequality  w  >>  is  often,  but  not  always,  satisfied). 

The  damping  of  the  ojq  rxx^e,  vhen  driven  in  the  micra^at^  region, 
usually  is  determined  by  the  three-phonon  process  in  vhich  the 
transverse-optical  mode  is  annihi^lated,  a  largc-k-vector  acoustic  mode 
(having  frequency  to^)  is  annihi^lated ,  and  a  large-k-vector 
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transverse-optical  mode  (having  frequency  14^)  is  created.^  The  lifetime 

/S. 

broadening  of  the  u)^  and  i4p  modes  is  esamtial  in  order  to  conserve  »>ergy 
because  Uq  ^  w  ^  -w  ^  in  general.  With  lifetime  broadening  of  theu  ^  and 
u)^  modes,  energy  is  conserved  in  the  three-phonon  process  only  to  within 
the  lifetime-broadening  width  of  the  and  u)^  modes. 
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VIII.  OIHER  TYPES  OF  MATERIALS  AND  MCXXS 


A  number  of  other  materials  and  inodes  have  been  suggested  as 
candidates  for  detaining  hi^  surface  transmittance.  Ihese  include 
liquids,  bulk  and  surface  plasma  modes  in  metals,  electron-hole  droplets, 
eund  free  excitons.  In  this  section  it  will  be  shewn  that  none  of  these 
materials  or  inodes  can  be  used  to  c±)tain  high  surface  transmittance. 

Liquids  can  have  rescxiances  in  the  microwave  region  in  general. 
However,  the  resonances  are  of  the  relaxaticxi-oscillation  type,  as 
illustrated  in  Fig.  9  for  water,  rather  than  the  resonance  type,  as 
illustrated  schematically  in  Figs.  1  or  2.  Thus,  the  real  parts  of  the 
dielectric  constant  and  index  of  refraction  decrease  morjl^onically  as  the 
frequency  increases,  rather  than  showing  the  resonance  behavior  that  is 


required  in  order  to  obtain  n^  =  1 .  This  relaxation-oscillation 


chcuracteristic  is  a  fundamental  property  of  liquids.  There  is  no  known  way 
to  make  liquids  have  resonance  oscillations,  and  it  is  highly  unlikely  that 
a  way  will  be  found. 

The  best  known  example  is  water.  The  absorption food  in  microwave 
ovens  is  determined  essentially  by  the  absorption  of  water.  The 
oscillations  are  so  highly  overdamped  that  the  resonant  frequency  of  liquid 


water  is  an  order  of  magnitude  lower  than  that  of  water  vapor.  The  real 


and  if^ginary  parts  of  the  dielectric  constant  are  shown  in  Fig.  9.  The 
nxjst  rnportant  feature  of  these  curves  for  the  present  investigation  is  the 
nicnotonic  decrease  in  the  real  peirt  of  the  dielectric  ccxistant  with 
increasing  frequency,  rather  than  the  resonance  behavior  in  Figs.  1  or  2 


that  is  required  in  order  to  obtain  n  =  1 . 
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Bulk  cind  surface  plasma  modes  in  metals  are  not  useful  in  the 
microwave  region  because  these  modes  have  frequencies  in  the  ultraviolet 
region. 

5 

Based  on  the  work  of  Manenkov  and  ocworkers,  it  has  been  suggested 
that  free  excitons  and  electron-hole  drc^lets  should  be  ocxisidered  as 
candidates  for  systems  having  n^  =  1,  It  will  now  be  shown  that  free 
excitons  and  electrcai-hole  droplets  cannot  be  used  to  detain  n^  =  1 . 

5 

Manenkov  emd  coworkers  investigated  excitcxis  in  semictaxiuctors  by 
measuring  the  microwave  conduction  of  samples  that  were  irradiated  hy  both 
a  laser  eind  a  high-power  microwave  source.  A  laser  was  used  to  generate 
carriers.  Hie  carriers  were  subsequer;Cly  greatly  heated  by  a  high-pov^er 
microwave  source.  The  effects  of  the  Ccurriers  and  their  heating  was 
studied  by  measuring  the  microwave  absorption  with  a  second  microwave 
source.  The  heating  of  the  carriers  by  the  high-power  microwave  source 
does  not  involve  the  resonant  frequencies  of  the  free  excitons  or 
electrcxi-hole  droplets. 

The  analysis  of  the  results  involved  free  carriers,  free  e;{citc«is,  and 
electron -hole  droplets.  Hov/ever,  the  microwaves  were  used  only  as  a  tool 
to  study  these  {Aenomena.  There  are  no  resonance  frequencies  in  the 
microwave  region  that  can  be  used  to  obtain  n  =  1 . 
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According  to  Eq,  (9.1),  increases  as  n^^  increases.  For 

negligible 

2 

Y  ,  Bq.  (9.1)  gives 

1/2  2 
(jip^  ^  ,  for  negligible  y  . 


The  number  of  free  C2urriers  can  be  increased  by  any  of  the  following 
method: 

( 1 )  thermal  excitation  of  carriers  f ran  Icuv-lying  levels  into  the 
ccxiduction  band  or  valence  band, 

(2)  thermal  excitation  of  carriers  across  the  bandgap  in 
srall-bandgap  materials. 


(3)  pliotoionization  of  carriers  across  the  band  gap,  amd 

(4)  photoionization  of  carriers  form  levels  in  the  gap  into  the 
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coiduction  band  or  valence  band. 

All  of  these  methods  are  impractical  in  most  applicatic*vs.  Ihermal 
excitation  requires  close  control  of  the  temperature,  in  seme  cases  over 
Icur^e  cu:eas.  Changing  the  temperature  is  a  slow  process.  Differences  in 
the  temperature  in  different  pEu±s  of  the  material  causes  inhomogeneous 
broadening.  Photoionization  requires  irradiation  by  a  laser  or  other 
source. 

The  value  of  could  also  be  tuned  by  tuning  the  value  of 

according  to  Eq.  (9.1).  However,  there  is  no  known  practical  way  of  tuning 

the  value  of  e  . 

00 

Finally,  the  value  of  could  be  changed  by  frequency  pulling.  For 
example,  the  plasma  mode  could  be  coupled  to  another  mode  and  either  the 
frequency  of  the  other  mode  of  the  coupling  between  the  modes  changed.  Ihe 
resonant  frequencies  of  coupled  modes  depend  an  the  frequencies  of  both 
uncoupled  nodes  and  an  the  strength  of  the  coupling  constant.  Although 
there  is  no  known  practical  method  of  frequency-pulling  tuning  of  plasma 
modes,  the  method  is  illustrated  by  the  example  of  the  coupling  of  the 
plasma  mode  to  a  phonon  mode. 

Ihe  dielectric  constant  of  the  plasmcn  and  phonon  is 

e(u))  =  -  i(jr(u))] 

-<i)p^/u)(u  +  iy)  (9.2) 

Here  cjq  is  the  frequency  of  a  lattice  resonance  (transverse-optical 
2  2 

phonon),  \i  =  (Eq  -  e^)cjg  is  proportional  to  the  oscillator  strength  of 
the  r.xx]e,  y  is  the  plasma  damping  frequency,  T  is  the  phonon  damping 


Sec.  IX 


34 


frequency,  and 

<S-3' 

is  the  oollisionless  plasma  frequency.  Here  is  the  daisity  of  the 
carriers  and  is  the  effective  mass  of  the  caurriers.  Finally,  is  the 
ccxitributicKi  to  the  dielectric  cjoistant  fran  the  electronic  interband 
transiticxis.  For  present  purposes,  the  frecjuency  dependence  of  is 
neglected. 

Such  a  system  suj^rts  collective  oscillaticans  of  longitixiinal 
character.  If  we  ignore  losses  (T  =  y  =  0),  it  is  easy  to  shcxv  that  the 
resonant  frequencies  of  these  modes  cxx:ur  at  ^e  frequencies  for  v^iich  £(aj) 
=  0.  In  the  present  example,  there  cure  two  sucdi  modes,  with  frequencies 
given 

+  u)p^/e„)  ± 

^  (9.4) 

At  frequencies  just  ctbove  each  cx>llec±ive-mode  frecjuency,  one  finds 
the  minimum-reflectance  frequencies  at  v^ich  e(w)  =  1  by  replacing 

the  explicit  e  by  e  =  1 .  This  gives 

-  1)  *  -  Kit 

♦  Sl^/U„  -  1)  »  «.p2/(£„  -  1)^  - 
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(9.5) 

for  which  e(u))  =  1.  Here  the  material  is  perfectly  impedance  matched  to 
the  vacuun,  for  this  case  of  no  losses.  Thus,  it  is  a  perfect  transmitter 
of  the  electromagnetic  wave.  V/hen  dissipation  is  introduced,  the 
dielectric  constant  Ccinnot  be  purely  real,  just  as  was  the  case  for  the 
individual  uncoupled  modes  discussed  above. 


» 


> 


1 
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X.  SUPER-IONIC-aONDUCTOK  PLASMAS 

Ion  plasmas  in  super-ionic-oonductor  solids  show  promise  of  providing 
hi^  microwave  trcinsmittance  over  a  narrow  band  of  frequaicies.  Since  this 
effect  was  brought  to  our  attention  after  the  research  on  the  program  was 
oompleted,  there  was  no  time  for  a  study  of  the  effect.  Cnly  a  cursory 
literature  search  was  nede,  a  number  of  experts  in  the  field  were 
contacted,  and  seme  thought  was  given  to  developing  a  model  to  explain  the 
frequency  dependence  of  the  real  and  imaginary  parts  of  the  dielectric 
constant,  and  e^. 

Super  ionic  conductors  cure  believed  to  have  the  following  properties: 

S 

Some  of  the  ions  in  the  crjj^tal,  such  as  the  sodium  icxis  in  RhAg^I^,  are 
relatively  free  to  move  through  the  crystal  at  room  temperature.  The 
mobile  ions  must  squeeze  between  the  stationary  iens  in  order  to  get  from 
one  site  in  the  crystal  to  another.  Thus  there  are  energy  barriers,  of 
height  W,  that  the  ions  must  get  over  in  going  from  one  site  to  another. 

It  appears  that  there  is  no  satisfactory  explanaticxi  of  the  real  and 

imaginary  parts  of  the  dielectric  constant  of  super  ionic  conductors,  but 

it  is  possible  that  a  thorough  literature  search  could  uncover  one.  There 

is  a  vast  literature  on  the  conductivity  of  super  ionic  conductors,  but  no 

satisfactory  discussicxis  of  plasma  type  behavior  vras  found.  The 

t  9 

theoretical  literature,  staring  with  Rice  and  Roth  and  including  57 
references,  vras  rGvie\-/ed  by  V?ong.^  No  satisfactory  theory  -.Tas  discussed  in 
that  reviev;. 

Based  on  the  observation  of  =  1  in  the  microwave  region,  and 
preliminary  estimates  that  the  effective  damping  frequency  may  be 
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showing  the  resonant  frequency  and  the  minimum-reflectance  frequency 
“^^nn* 

Fig.  7.  Schematic  illustration  of  the  frequency  dependax:e  of  the 


reflect^ce  for  plasmas,  showing  the  resonant  frequency  and  the 
minimum-reflectance  frequency 

Fig.  8.  Schematic  illustration  of  the  displacement  dependence  of  the 


energy  of  an  ion  in  a  ferroelectric  reiterial. 


FIGURE  CAPTIONS 


Fig.  1 .  Schematic  illustration  of  the  wavelength  dependence  of  the 
real  and  imaginary  parts  of  the  refractive  index  n  =  n^  +  ix  for  phonons, 
showing  the  Christiansen  short-wavelength  (circled)  and  long  wavelength  at 
vAiich  =  1  and  the  laurge  value  of  n^  and  <  near  A  = 

Fig.  2.  Schematic  illustration  of  the  frequency  dependence  of  the 


real  and  imagineury  parts  of  the  dielectric  constant  e  =  +  ie^  for 


phcxxxis,  showing  the  resonant  frequency  (trainsver^-optical  phcxicai 
frequency)  the  longitudinal-optical  frequency  and  the 

minimum-reflectance  frequency 

Fig.  3.  Schematic  illustration  of  the  frequency  dependence  of  the 


real  and  imaginary  parts  of  the  refractive  index  n  =  n  +  i<  for  phoncxis, 

e  ^ 


showing  the  rescxiant  frequency  (transver^-optical  phonon  frequency) 
the  longitudinal-optical  frequency  and  the  minimum-ref lectancs 
frequency 

Fig.  4.  Schematic  illustration  of  the  frecjuency  dependence  of  the 
reflectance  for  phonons,  showing  the  resonant  frequency  ( transversfc-optical 
E^iooon  frequency)  o4j^,  the  Icxigitudinal^ptical  frequency  u^,  and  the 
minimum-reflectance  frecjuency  4^. 

Fig.  5.  Schematic  illustraticjn  of  the  frecjuency  dependence  of  the 


real  and  imaginary  parts  of  the  dielectric  cxjnstant  ^  =  -j.  +  for 


plasmas,  showing  the  resoneint  frecjuency  and  the  minimum-ref lectanc:e 


frequency  o^. 

Fig.  6.  Schematic  illustration  of  the  frecjuency  dependencre  of  the 
real  and  imaginary  parts  of  the  refractive  index  n  =  n  +  i<  for  plasmas. 
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showing  the  resoncint  frequency  and  the  minimum-reflectance  frequency 


Fig.  7.  Schematic  illustration  of  the  frequency  dependence  of  the 
reflect^ce  for  plasmas,  showing  the  resonant  frequency  and  the 
minimum-reflectance  frequency 

Fig.  8.  Schematic  illustration  of  the  displacement  dependence  of  the 


energy  of  an  ion  in  a  ferroelectric  material. 
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Fig.  1 .  Schematic  illustration  of  the  wavelength  dependence  of  the 
real  and  imagineuy  parts  of  the  refractive  index  n  =  n^  +  i<  for  phonons, 
showing  the  Quristiansen  short -wavelength  (circled)  cind  Icxig  wavelength  at 
which  n^.  =  1  and  the  large  value  of  n^  and  k  near  X  = 

Fig.  2.  Schematic  illustration  of  the  frequency  dependence  of  the 


real  and  imaginary  parts  of  the  dielectric  constant  e  =  +  ie^  for 


phonons,  showing  the  rescxiant  frequency  (treinsver^-optical  pttcsnon 
frequency)  the  longitudinal -optical  frequency  and  the 

minimum-reflectance  frequency 

Fig.  3.  Schematic  illustration  of  the  frequency  dependence  of  the 
real  eind  imaginary  parts  of  the  refractive  index  n  =  n^  +  iic  for  {rfKXKXis, 


showing  the  resonant  frequency  (transver^-optical  piioncxi  frequency) 


the  longitudinal-optical  frequency  u^,  and  the  minimum-reflectance 
frequency  u^. 

Fig.  4.  Schematic  illustraticxi  of  the  frequency  dependence  of  the 
reflectance  for  phonons,  showing  the  resonant  frequency  ( transversfc-optical 
phcxran  frequency)  the  longitudinal-optical  frequency  u^,  and  the 

minimum-ref lectcince  frequency  4^. 

Fig.  5.  Schematic  illustration  of  the  frequency  dependence  of  the 
real  and  imaginary  parts  of  the  dielectric  constant  e  =  -j.  +  i£j|^  for 


plasmas,  showing  the  resonant  frequency  and  the  mininun-reflectance 


frequency 

Fig.  6.  Schematic  illustration  of  the  frequency  dependence  of  the 


real  and  imaginary  parts  of  the  refractive  index  n  =  n  +  i<  for  plasmas, 
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iemtly  snail. 


it  is  reooinmended  that  super  icjnic  conductors  be 


1  further. 
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